Mast-cell products can stimulate fibroblast proliferation, implying that these cells are key players in fibrosis. One mast-cell product, the serine protease tryptase, is known to activate protease-activated receptor 2 (PAR2) and cause proliferation of fibroblasts. We found that recombinant tryptase, human mastcell (HMC-1) supernatant, which contains tryptase, and the PAR2-activating peptide SLIGKV exert fibroproliferative actions in human fibroblasts. Here we report insights into this action, which after activation of PAR2 leads to increased expression of cyclooxygenase 2 (COX2), a key enzyme in the biosynthesis of prostaglandins, and consequently to enhanced prostaglandin synthesis. Subsequent cell proliferation is mediated by the prostaglandin 15-deoxy-⌬ 12,14 -prostaglandin J2, which acts via the nuclear peroxisome proliferator-activated receptor ␥ (PPAR␥). Fibroblast proliferation induced by tryptase and PAR2 agonist peptide can be blocked by antagonists of COX2 and PPAR␥, implying that the proliferative effect of tryptase is PAR2-initiated but depends on COX2, 15-deoxy-⌬ 12,14 -prostaglandin J2, and PPAR␥. This previously uncharacterized pathway could be of relevance for human fibrotic diseases. For instance, increased numbers of activated mast cells are correlated with fibrosis in testes of infertile men. In these cases all components of the signaling pathway of tryptase were detected as well as expression of COX2. Therefore, our study describes as-yet-unknown interactions between mast cells and fibroblasts, which could be relevant for human fibrotic diseases.
N umerous diseases and inflammatory reactions are associated with fibroproliferative tissue responses. Increased numbers of fibroblasts͞myofibroblasts and deposition of extracellular matrix proteins are found, for example, in lung diseases including asthma (1) , diseases of the liver and gastrointestinal tract (2) , and renal diseases (3, 4) as well as in cardiac (5) and skin disorders (6) . Mast cells usually are present in these cases (3, 4) and seem to be key players in fibrosis. Mast cells secrete a plethora of potent mediators (7) (8) (9) (10) , which may be involved in the pathogenesis of fibrosis. One mast-cell product, the serine protease tryptase, is of special interest and has been shown to exert fibroproliferative action, most likely via activation of the protease-activated receptor 2 (PAR2) (1, 11) . How this ultimately leads to cell proliferation is not fully known.
Coculture studies of a human mast-cell (HMC) line and human orbital fibroblasts have indicated up-regulation of cyclooxygenase 2 [COX2, inducible form of the key enzyme in the synthesis of prostaglandins (PGs)] in fibroblasts (12) and production of PGE 2 . The mast-cell product responsible for this action was thought to be IL-4. Other reports indicated that IL-1␤ (13) or secretory phospholipase A (14) are involved in COX2 induction and PG synthesis. Importantly, it seems that PGs, including PGD 2 , can regulate fibroblast proliferation and type I collagen production (15, 16) . Although details of this action are not well known, this result may imply a direct role for PGs in fibrosis.
In humans, fibrotic thickening in the wall of seminiferous tubules occurs in testes of men with impaired spermatogenesis (17) . This frequent change is observed irrespective of the causes of male infertility and is regarded a hallmark of male infertility. However, neither the reasons for the fibrotic changes nor their precise consequences for the complex process of spermatogenesis are known.
Nevertheless this condition attracted our interest, because coinciding with fibrotic changes activated, tryptase-producing mast cells are increased in testes of subfertile and infertile men (18) . We speculated that these events may be causally linked and that mast cells via tryptase may be able to initiate fibrosis. Previous studies in which drugs including ketotifen and tranilast, which seem to act by blocking degranulation of mast cells, improved sperm count in subfertile men (19) (20) (21) lend some support of this assumption.
In the present report we investigated a possible link between mast cells and fibroblasts. We describe details of the interaction of the mast-cell product tryptase and fibroblast proliferation. Unexpectedly, we observed that the proliferative action of mast-cell tryptase in fibroblasts depends on COX2 and PG synthesis. Because components of this pathway are present in human fibrotic diseases, our results are of likely relevance to the understanding of pathogenic events in fibroproliferative disorders. This paper was submitted directly (Track II) to the PNAS office.
Materials and Methods
Abbreviations: PAR2, protease-activated receptor 2; HMC, human mast cell; COX2, cyclooxygenase 2; PG, prostaglandin; HFFF2, human fetal foreskin fibroblast cell line; 15d-PGJ2, 15-deoxy-⌬ 12,14 -PGJ2; BADGE, bisphenol A diglycidyl ether; SCO, Sertoli cell only; GA, germ arrest; MA, mixed atrophy; PPAR␥, peroxisome proliferator-activated receptor ␥; LCM, laser-capture microdissection; LPC, laser pressure catapulting. § To whom correspondence should be addressed. E-mail: mayerhofer@lrz.unimuenchen.de.
Human Biopsies. Archival diagnostic testicular biopsies from adult men with fertility problems (age range, 28-37 years) were assigned to the following groups: specimens from men with cases of idiopathic infertility revealing normal spermatogenesis without obvious alterations (normal group, n ϭ 7); specimens from patients with Sertoli cell-only (SCO) syndrome (n ϭ 7); specimens from patients with germ-arrest (GA) syndrome (n ϭ 9); and specimens from patients with mixed-atrophy (MA) syndrome (n ϭ 6). The etiology of testicular failure was heterogenic; the majority of patients presented cryptorchidism in early childhood or idiopathic infertility. Serum follicle-stimulating hormone levels ranged from 2.2 to 58 milliunits͞ml, and testicular volume ranged from 5 to 20 ml. Because these studies were performed retrospectively, no data concerning atopic diathesis were available. The evaluation of human specimens was approved by the local ethics committee of the Technical University of Munich.
Western Blot and Dot Blot. HFFF2 cells were plated on 60-mm dishes (Nunc) and incubated in the presence or absence of tryptase, PAR2 agonist peptide SLIGKV, and HMC-1-conditioned medium. We performed immunoblots as described (23) by using a polyclonal rabbit anti-human COX2 antiserum (1:1,000, Oxford Biomedical Research, Oxford, MI) and a monoclonal mouse anti-human tryptase (1:500, DAKO). Dotblot assays were performed by using the mentioned tryptase antibody (24) . HFFF2 cells per well were plated on 96-well plates (Nunc) and incubated for 24 h in the presence or absence of tryptase, HMC-1-conditioned medium, meloxicam, PAR2 agonist peptide, PGs, and BADGE. Cell proliferation was determined by using the CellTiter 96 AQueous One Solution cell-proliferation assay (Promega) (25) . The specificity and sensibility of this method was evaluated previously in our lab by comparison with a [ Archival human testicular biopsies had been fixed in Bouin's fixative and were embedded in paraffin. We fixed the HFFF2 cells in 4% formalin (Sigma). Then we processed the paraffin sections and the fixed HFFF2 cells for hematoxylin staining (Sigma) and immunohistochemical (27) and immunofluorescence (25) studies. We used commercial antibodies and antisera [monoclonal mouse anti-human tryptase, 1:50, DAKO; monoclonal mouse anti-human peroxisome proliferator-activated receptor ␥ (PPAR␥), 1:100, Santa Cruz Biotechnology; monoclonal mouse anti-human proliferating cell nuclear antigen, 1:80, Oncogene Research Products; polyclonal goat anti-human PAR2 1:100, Santa Cruz Biotechnology; and polyclonal rabbit anti-human COX2, 1:200, Oxford Biomedical Research]. For control purposes, the first antiserum was omitted, or incubation with normal nonimmune sera was carried out. In the case of PAR2, an additional control was performed by preabsorption of the antiserum with a four-times-concentrated specific blocking peptide (Santa Cruz Biotechnology) for 1 h at 37°C with gentle shaking.
Laser-Capture Microdissection (LCM) and Laser Pressure Catapulting
(LPC) Techniques. LCM and LPC from human testicular biopsies were performed as described (27) . We used the focused nitrogen laser of the Robot-MicroBeam (P.A.L.M. Mikrolaser Technologie, Bernried, Germany) to circumscribe the target from surrounding material. Microdissected samples were ejected from the object slide directly into the cap of a microcentrifuge tube. RNA stabilization reagent (50 l, RNEasy protect minikit, Qiagen, Hilden, Germany) was added into the cap. Finally, the samples were frozen at Ϫ70°C until RT-PCR assays were performed.
RT-PCR Analysis and PCR Amplification. We identified gene expression in (i) HFFF2 cells, (ii) fixed and paraffin-embedded human testicular sections that were scratched from the slides as described (28) , and (iii) material collected by LCM and LPC of hematoxylin-stained cells as described (27) .
We extracted RNA by using the Purescript kit (Biozym, Hessisch Oldenburg, Germany). Then we performed reverse transcription followed by PCR amplification (27) . For analysis of samples obtained from paraffin-embedded sections and LCM, a second PCR-amplification step, with nested primers, was used. Information about the oligonucleotide primers used and cDNAs isolated are given in Table 1 . We designed oligonucleotide primers for COX2, PAR2, and PPAR␥ to be homologous to areas of different exons. Finally, we verified the identity of PCR products by sequencing with a fluorescence-based dideoxy- 
Results
Tryptase Acting via PAR2 Increases COX2, PG Production, and Fibroblast Proliferation. Tryptase increased both COX2 mRNA levels (within 10 min) and COX2 protein levels (30 min) in HFFF2 cells ( Fig. 1 a and b) . Action of human recombinant tryptase was concentration-dependent (not shown), with 120 milliunits͞ml being the lowest tryptase concentration tested to cause a significant increase of COX2 protein levels. Tryptase action is mediated by its specific receptor PAR2, because the PAR2-activating peptide SLIGKV also increased COX2 protein levels in HFFF2s (Fig. 1c) . HMCs contain and also secrete tryptase, as shown in Western and dot-blot immunoassays using HMC-1 and HMC-1-conditioned medium (Fig. 1d) . As expected, a consequence of tryptase-induced COX2 upregulation is PG synthesis, which was confirmed by measurement of two PGs, PGF 2␣ and 15d-PGJ 2 , in cell culture medium of HFFF2s after 1 and 3 h of treatment with tryptase ( Fig. 1  e and f ) . Human recombinant tryptase and conditioned medium from the HMC-1 line as well as the PAR2 agonist peptide SLIGKV significantly increased proliferation in HFFF2. This action of human recombinant tryptase was concentrationdependent, with 120 milliunits͞ml being the lowest tryptase concentration tested to cause a significant increase on HFFF2 proliferation. Therefore, this concentration was used for most of the experiments. The proliferative action of tryptase, HMC-1-conditioned medium, and the PAR2 agonist peptide was blocked by the COX2 antagonist meloxicam, implying that PGs are crucially involved in this action (Fig. 1g) .
Tryptase Stimulates Fibroblast Proliferation Indirectly via 15d-PGJ2
and PPAR␥. To examine which PGs and which receptors are involved in the proliferative role exerted by tryptase, we studied the effects of a variety of different PGs on HFFF2 proliferation. PGJ 2 and its metabolite 15d-PGJ 2 significantly increased HFFF2 proliferation (Fig. 2a) , but we did not observe any proliferative effect when other PGs (D 2 , E 1 , E 2 , and F 2␣ ) were tested (Fig. 2a) . HFFF2s express PPAR␥, the specific receptor of 15d-PGJ 2 ( Fig.  2 b-d) , and BADGE, an antagonist of PPAR␥, blocked the stimulatory action of 15d-PGJ 2 on HFFF2 proliferation (Fig.  2a) . Moreover, BADGE also blocked the stimulatory action of tryptase and the PAR2 agonist peptide SLIGKV, indicating that the fibroproliferative role of trypase͞PAR2 is exerted via 15d-PGJ 2 and its binding to PPAR␥ (Fig. 2a) . Immunocytochemical staining with the proliferation marker proliferating cell nuclear antigen confirmed the proliferative role of tryptase and 15d-PGJ 2 on HFFF2 (Fig. 2 e-g ). These treatments do not affect apoptosis as we determined by the terminal deoxynucleotide transferase-mediated dUTP nick-end labeling method (data not shown).
Identification of the Components Required for the Tryptase͞COX2͞
15d-PGJ2 Pathway in Vivo in Human Tissues. To examine whether this newly identified pathway may be of relevance to a human fibrotic disorder, we studied human testicular biopsies from men presenting normal, mildly, or severely impaired spermatogenesis (18) . We studied this tissue, because it is well documented (18, (29) (30) (31) (32) (33) ) that interstitial and peritubular tryptase-positive mast cells are 2-3 times increased and show signs of activation͞ degranulation in these cases (Fig. 3a) . Fibrotic changes of the tubular wall also are well documented and quantified (for further information, see our previous report in ref . 18) . The specific tryptase receptor, PAR2, was detected in interstitial cells and the germinal epithelium (Fig. 3 b-f ). Specific immunoreactions were observed in all samples examined (seven SCO syndrome, nine GA syndrome, six MA syndrome, and seven normal spermatogenesis samples). In contrast, evidence for PG synthesis initiated by COX2 induction was obtained only in pathological biopsies with impaired spermatogenesis (same sample as mentioned for PAR2) but not in biopsies showing normal spermatogenesis (control group, n ϭ 7) (Fig. 4) . COX2 was localized only in interstitial cells, i.e., the same testicular compartment, in which we also found PAR2. Normal biopsies, as well as biopsies from patients with impaired spermatogenesis, express PPAR␥ (Fig. 5a ). The use of In a consecutive section, the PAR2 antibody was incubated previously with a specific blocking peptide to show specificity (d). For control purposes, the PAR2 antiserum was replaced by normal goat serum (e) and PBS buffer ( f). (Bar, 30 m.) Note that PAR2 RNA expression and specific immunoreaction were detected in all biopsies examined (normal group, n ϭ 7; SCO syndrome, n ϭ 7; GA syndrome, n ϭ 9; and MA syndrome, n ϭ 6). Note that COX2 RNA expression and specific immunoreaction were not found in normal testicular biopsies (normal group, n ϭ 7), whereas COX2 was detected in all pathological samples examined (SCO syndrome, n ϭ 7; GA syndrome, n ϭ 9; and MA syndrome, n ϭ 6). RT-PCR analysis indicating PPAR␥ mRNA expression in a sample of testicular tubular wall obtained by LCM and LPC. Note that PPAR␥ mRNA was detected in samples of all biopsies (normal group, n ϭ 7; SCO syndrome, n ϭ 7; GA syndrome, n ϭ 9; and MA syndrome, n ϭ 6).
LCM and LPC techniques enabled us to detect a site of expression of PPAR␥ in the wall of testicular seminiferous tubules (Fig. 5 b and c) .
Discussion
Our study reveals details of the interaction between mast cells and fibroblasts. The previously unknown signaling pathway linked to fibroblast proliferation involves the mast-cell product tryptase, its receptor PAR2, induction of COX2, and synthesis of 15d-PGJ 2 and its action through PPAR␥.
We report that conditioned medium from HMC-1, which among other proteins contains tryptase, stimulates proliferation of human fibroblasts. Although mast cells secrete a mixture of potent substances, which also may be able to affect fibroblast proliferation, our results imply that among these secretory factors, tryptase is of special importance. Thus, similar to HMC-1 medium, pure human recombinant tryptase exerts a fibroproliferative action. Moreover, the PAR2 agonist peptide SLIGKV mimicked the proliferative effect of tryptase on fibroblasts, indicating that it is initiated via activation of PAR2.
Effects of tryptase on fibroblast proliferation, chemotaxis, and collagen production were observed by other authors (1, 11, 15) , identifying tryptase as a fibroblast growth factor. Unexpectedly, we now find that tryptase and the PAR2 agonist peptide SLIGKV induce the PG-synthesizing enzyme, COX2. Induction of both COX2 mRNA and protein are rapid events and occur within minutes. That the resulting COX2 is biologically active is indicated by increased levels of two classes of secreted PGs, PGF 2␣ and 15d-PGJ 2 from tryptase-induced fibroblasts, observed after 1-3 h in our study. To our knowledge there are few reports indicating that HMCs up-regulate COX2. One example is a study on coculture of HMCs and human orbital fibroblast, which caused PGE 2 synthesis. The mast-cells product IL-4 was thought to mediate this action (12) . In dermal fibroblasts, IL-1␤ (13) also was identified to increase COX2 (34) . Thus, induction of COX2 and increased PG synthesis in fibroblasts are events that are not restricted to action of tryptase.
The notion that PGs and their receptors regulate proliferation and type I collagen synthesis in fibroblasts was suggested by earlier studies (15, 16, 35) . When we tested different PGs known to interact with different prostanoid receptors, we observed that only PGJ 2 and its metabolite, 15d-PGJ 2 , acting via the nuclear receptor PPAR␥, but not other members of the PG family increase HFFF2 proliferation. Levels of 15d-PGJ 2 are increased in HFFF2s after tryptase treatment, as found in the present study. To evaluate whether tryptase and 15d-PGJ 2 exert their proliferative role through independent mechanisms, we used meloxicam (a COX2 inhibitor) and BADGE (a PPAR␥ antagonist). Meloxicam completely abolishes the proliferative effects of tryptase and the PAR2 agonist peptide SLIGKV. Moreover, BADGE prevents not only the stimulatory action of 15d-PGJ 2 but also the effect of tryptase and the PAR2 agonist peptide SLIGKV on HFFF2 proliferation. Thus, the signaling pathway of tryptase, which mediates fibroblast proliferation, involves induction of COX2, synthesis of 15d-PGJ 2 , and its action via PPAR␥.
Fibroblasts are critical components of the inflammatory response and participate in normal and pathological tissue remodeling. Together with smooth muscle cells, fibroblasts are believed to mediate tissue fibrosis and collagen deposition (11, 36) . A recent report links liver fibrosis to expression of COX2 (37) and furthermore shows that COX2 expression increased with the progression of fibrosis in the patients examined. The reasons for induction of COX2 were not addressed in this paper, and neither were mast cells nor their state of activation examined. Mast cells, however, are commonly increased in fibrotic tissues as has been well documented recently, for example, in renal interstitial fibrosis (3), IgA nephropathy (4), chronic pancreatitis (38) , or cystic fibrosis (39) . Whether mast cells are activated or whether COX2 is also expressed in these and other fibrotic processes has not been reported to our knowledge. It therefore remains to be shown whether the tryptase-signaling pathway is of importance in all or only some cases of fibrosis. We have started to address this question by evaluating human tissues in which both fibrotic tissue remodeling and increased numbers of activated mast cells have been well documented, namely testes from infertile men (18, (29) (30) (31) (32) (33) .
Fibrosis of the wall of seminiferous tubules commonly occurs in human testes with defects of spermatogenesis (17) . We described in detail in a previous study that in all these conditions testicular mast cells contain tryptase, are significantly increased in numbers, and present signs of degranulation and activation (18) . The thickness of the tubular wall due to fibrotic remodeling is doubled in the biopsies from infertile men examined and correlates to the number of mast cells (for quantitative details, see ref. 18 ). Based on our results in HFFF2 cells, we have reexamined these biopsies and report that they contain virtually all the known components associated with the tryptase-induced signaling pathway, i.e., tryptase, its receptor PAR2, COX2, and PPAR␥. Thus, we hypothesize that tryptase released from testicular mast cells can target interstitial PAR2-bearing cell populations, activate PAR2, and, consequently, up-regulate the expression of COX2 and stimulate PG synthesis. Importantly, we identified testicular COX2 expression only in testes showing abnormal spermatogenesis but not in normal testes. The wall of the seminiferous tubules is composed of fibroblasts and myofibroblasts possessing PPAR␥, which may act as a receptor for 15d-PGJ 2 . The existence of PPAR␥ has been described in adipose tissue, colon, the immune system, and the retina (40) but also in fibroblasts (41) and in our study in the cells of the tubular wall. Thus, the fact that all components identified to be involved in tryptase-induced proliferation of HFFF2 cells are present in human testicular fibrotic tissues examined implies that mastcell-fibroblast interactions, elucidated in HFFF2 cells, could be of relevance for human diseases. We suggest that they are of special relevance to those human diseases in which increased numbers of activated mast cells are associated with fibroproliferative disorders.
Our work, by elucidating details of how tryptase can stimulate fibroblast proliferation, identifies several potential therapeutic targets, namely tryptase, COX2, and PPAR␥. Drugs targeting these factors are being developed or are already in clinical use for a variety of conditions. For instance, APC 366 (an antagonist of mast-cell tryptase) is being studied for use in asthma (42) , and lactoferrin (a potent tryptase inhibitor) (43) is being tested for allergic treatments. PPAR␥ ligands including the specific antagonist BADGE, may have a potential therapeutic value in obesity (44), type 2 diabetes (45), colorectal cancer (46) but also in liver fibrosis (47) . Antagonists of COX2 are commonly available, relatively safe drugs and currently are being used mainly in the treatment of inflammatory conditions (48, 49) but also as antifibrotic agents (50, 51) . Thus, our work describes insights into the signaling pathway related to the interaction between mast cells and fibroblasts that may lead to new therapeutic approaches in human fibrotic disorders.
